DNA Damage Responses: Beyond Double-Strand Break Repair
The RAG endonuclease generates DNA double strand breaks during antigen receptor gene assembly, an essential process for B-and T-lymphocyte development. However, a recent study reveals that RAG endonuclease activity affects natural killer cell function, demonstrating that such double strand breaks, and the responses they elicit, may have broad cellular effects.
Andrea L. Bredemeyer and Barry P. Sleckman* DNA double-strand breaks (DSBs) are generated by genotoxic agents and as intermediates in several physiological processes. These DSBs activate the ATM kinase, which orchestrates a canonical DNA damage response (DDR) that includes activation of cell-cycle checkpoints, initiation of DSB repair and the activation of cell death pathways when DSBs persist unrepaired [1] . However, recent studies [2] [3] [4] [5] , including one published in Cell by Karo et al. [2] , reveal that signals from DNA DSBs may have broader effects on cellular functions that persist long after the DSB has been repaired.
During development, B and T lymphocytes must assemble antigen receptor genes through the process of V(D)J recombination [6] . This reaction is initiated when the RAG1 and RAG2 proteins, which together form the RAG endonuclease, introduce DNA DSBs at the border of two recombining gene segments (V, D or J), and their flanking RAG recognition sequences [6] . RAG is expressed only in developing lymphocytes and their immediate precursor, the common lymphoid progenitor [7] . RAG DSBs are processed and repaired by the non-homologous end-joining (NHEJ) pathway of DNA DSB repair [8] .
Assembly of antigen receptor genes is an absolute requirement for B-and T-lymphocyte development, and mice and humans deficient in RAG1, RAG2 or components of the NHEJ pathway are severely lymphopenic. Common lymphoid progenitors also give rise to natural killer (NK) cells that serve critical functions in early immune responses. Unlike B and T lymphocytes, NK cell development does not depend on antigen receptor gene assembly, and mice and humans deficient in RAG1, RAG2 or NHEJ proteins have normal numbers of mature NK cells.
Using mice that allow for fate mapping of cells that have expressed RAG1 [9] , Karo et al. [2] show that a significant fraction of mature NK cells have expressed RAG1 during development. As expected, RAG1 is not expressed in mature NK cells. Strikingly, there were clear phenotypic differences between mature NK cells that had expressed RAG1 during development, and those that had not. Mature NK cells that had never expressed RAG1 appeared to be more activated and terminally differentiated, in addition to exhibiting higher levels of cytotoxicity. Analysis of NK cells from RAG1-and RAG2-deficient mice revealed functional phenotypes similar to wild-type NK cells with no history of RAG expression. Moreover, compared with NK cells from wild-type mice, those from RAG-deficient mice failed to expand and persist following mouse cytomegalovirus infection, due to an increased susceptibility to apoptosis. Thus, expression of RAG in developing NK cells had a remarkable effect on the activity of mature NK cells, even though these cells do not require antigen receptor gene assembly -the only known RAG activity -for their development.
How is it that the RAG expression in developing NK cells can affect the function of mature NK cells? Presumably this occurs through a RAG-dependent alteration in the genetic program in developing NK cells that persists in mature NK cells. Indeed, Karo et al. [2] find that the expression of several genes encoding proteins involved in the DDR, including DNA-PKcs (Prkdc), Ku80 (Xrcc5), Chk2 (Chek2) and Atm, in mature NK cells depends on prior RAG expression. Moreover, compared with mature NK cells from wild-type mice, those from RAG-deficient mice exhibit perturbations in the DDR, indicating that these gene expression changes have functional consequences. In agreement with this notion, the authors find that mature NK cells from DNA-PKcs-deficient mice have similar phenotypes to those from RAG-deficient mice. Thus, RAG expression in developing NK cells is required, at least in part, to promote a normal DDR in mature NK cells.
RAG1 and RAG2 have no known independent functions and together their only known activity is as an endonuclease. However, RAG2 has a plant homeodomain that binds broadly throughout the genome to histone 3 trimethylated at lysine 4 [10] [11] [12] . Thus, RAG may regulate gene expression independently of its endonuclease activity. However, Karo et al. [2] find that mature NK cells from mice that express wild-type RAG2 and an endonuclease-dead mutant of RAG1 exhibit the same defects as NK cells from RAG-deficient mice. Thus, the RAG endonuclease activity is critical for initiating this NK cell genetic program. In this regard, the presence of immunoglobulin and T-cell receptor gene rearrangements in some mature NK cells provides further evidence for RAG endonuclease activity during their development [13] [14] [15] .
Although not directly addressed by Karo et al. [2] , it is likely that the RAG-dependent genetic program in mature NK cells is initiated through the activation of the DDR by RAG-generated DSBs in developing NK cells. Recent studies have shown DNA DSB signals can initiate transcriptional programs with broader functions than the canonical DDR [3] [4] [5] 8] . In this regard, the activation of Atm by RAG DSBs generated during antigen receptor gene assembly induces a genetic program including the activation of genes that have functions in normal B-and T-cell development [3, 5, 8] . Moreover, Atm activation by DNA DSBs generated by activation-induced deaminase (AID) during immunoglobulin class switch recombination in mature B cells triggers a genetic program that directs the differentiation of these cells into plasma cells [4] . These studies underscore the potential importance of DSB signals in regulating the development and differentiation of lymphocytes when the DSBs are present. Interestingly, Karo et al. [2] find that mature T cells in RAG-deficient mice that express a T-cell receptor transgene have alterations in their genetic program similar to those observed in RAG-deficient NK cells. Taken together, these studies raise the intriguing possibility that the activation of the DDR by programmed DSBs (generated by RAG or AID) may affect lymphocyte functions long after the DDR has been extinguished. Presumably this occurs, at least in part, through DDR-mediated epigenetic modifications that persist in these cells in the absence of active DDR signals.
Lymphocytes proliferate during development and in response to activation. Many DSBs are generated during DNA synthesis and they elicit a DDR. However, these DSBs do not activate the same genetic programs that are induced by RAG-and AID-mediated breaks, raising the question of how these DNA DSBs differ. It is possible that RAG-and AID-mediated breaks have unique features that are required to activate specific transcription pathways. Furthermore, RAG and AID introduce DNA DSBs in G1 phase cells, while replication-associated breaks are formed in S phase. This raises the possibility that intrinsic differences between G1 and S phase cells allow the induction of these genetic programs only in response to DSBs generated in G1. Additionally, the signals generated from these breaks, which depend on ATM in G1 and are predominantly dependent on ATR in S phase, may affect the induction of gene expression changes [1] .
The Karo study has revealed a function for the RAG proteins in the development of a subset of NK cells. Although this requires the nuclease activity of RAG, it does not depend on the productive assembly of antigen receptor genes, as is the case in developing B and T cells. Rather, it likely depends solely on the activation of the DDR by RAG-generated DSBs at antigen receptor loci, or elsewhere, in developing NK cells. This raises an important note of caution for the analysis of NK cell function in RAG-deficient mice. Several interesting questions remain. It will be important to learn whether NK cells that have expressed RAG during development represent a distinct NK cell population that has unique activities in responding to pathogens. Moreover, it will be critical to elucidate the full spectrum of the genetic program of NK cells that depends on RAG and to determine whether this depends on the activation of ATM and the DDR.
